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ABSTRACT
We report on the validation of two planets orbiting the nearby (36 pc) M2 dwarf TOI-1266 observed
by the TESS mission. The inner planet is sub-Neptune-sized (R = 2.46 ± 0.08R⊕) with an orbital
period of 10.9 days. The outer planet has a radius of 1.67+0.09−0.11R⊕ and resides in the exoplanet Radius
Valley—the transition region between rocky and gaseous planets. With an orbital period of 18.8 days,
the outer planet receives an insolation flux of 2.4 times that of Earth, similar to the insolation of Venus.
Using precision near-infrared radial velocities with the Habitable-zone Planet Finder Spectrograph, we
place upper mass limits of 15.9M⊕ and 6.4M⊕ at 95% confidence for the inner and outer planet,
respectively. A more precise mass constraint of planet c, achievable with current RV instruments
given the host star brightness (V=12.9, J=9.7), will yield further insights into the dominant processes
sculpting the exoplanet Radius Valley.
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1. INTRODUCTION
One of the key findings from the Kepler mission
(Borucki et al. 2010) is that planets with radii between
Earth (1R⊕) and Neptune (4R⊕)—which are not known
to exist in the Solar System—are prevalent (e.g., Howard
et al. 2012; Fressin et al. 2013; Batalha et al. 2013; Pe-
tigura et al. 2013; Dressing & Charbonneau 2015). In
this grouping of planets, Kepler data further showed
convincing evidence that there is a dip in the radius dis-
tribution of Kepler planets at 1.5-2.0 Earth radii (Owen
& Wu 2013; Fulton et al. 2017; Van Eylen et al. 2018).
This gap, or ‘Radius Valley’, has been interpreted as the
transition between predominantly rocky planets (super-
Earths) populating the space below the gap, and plan-
ets rich in volatiles or ices residing above the gap (sub-
Neptunes). Subsequent studies have found evidence of
the Radius Valley in the K2 mission (Hardegree-Ullman
et al. 2020), and have also explored how it varies as a
function of stellar type (e.g., Cloutier & Menou 2020).
The astrophysical origin of the Radius Valley has been
explored by a number of groups (see e.g., Owen & Wu
2013; Lee et al. 2014; Owen & Wu 2017; Lopez & Rice
2018). Different theoretical models predict that the lo-
cation of the rocky-to-gaseous transition radius should
depend on the planet orbital period. Among these, pho-
toevaporation (Lopez et al. 2012; Owen & Wu 2013;
Lopez & Fortney 2013; Owen & Wu 2017)—where a
planet’s primordial atmosphere is stripped by XUV pho-
tons from the host star—predicts that the rocky-to-
gaseous transition radius should decrease with orbital
period (as ∼P−0.15). Second, internally-driven thermal
atmospheric escape models via the core-powered mass
loss mechanism (Ginzburg et al. 2016, 2018; Gupta &
Schlichting 2019) also predict that the location of the
Radius Valley should decrease with orbital period (as
∼P−0.13). Third, giant impacts can also provide a way
to sculpt the atmospheric properties of small planets and
strip large primordial envelopes down to a few percent
by mass (Inamdar & Schlichting 2015; Liu et al. 2015).
Conversely, models assuming formation at later times in
a gas-poor environment (Lee et al. 2014; Lee & Chiang
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2016; Lopez & Rice 2018) predict that the location of the
Radius Valley should increase with period (as ∼P 0.11).
Knowledge of planetary bulk densities—and thus
planetary compositions—as a function of orbital period,
offers a direct observational test of the predictions of
the different hypotheses mentioned above. However, the
current number of planets with precise bulk density con-
straints are insufficient to robustly identify the dominant
formation pathway of the Radius Valley (Cloutier &
Menou 2020). The Transiting Exoplanet Survey Satel-
lite (TESS; Ricker et al. 2014), which is surveying the
night sky for transiting exoplanets around the nearest
and brightest stars, is finding more planets amenable to
precise mass measurements.
We report on the discovery and ground-based valida-
tion of two small exoplanets orbiting the nearby M-dwarf
TOI-1266 observed in four Sectors of TESS data. The
inner planet has a period of P = 10.9 days and radius
of R = 2.46 ± 0.08R⊕, and likely has a gaseous enve-
lope. The outer planet has a period of P = 18.8 days
and radius of R = 1.67+0.09−0.11R⊕, and thus resides in the
exoplanet Radius Valley, and could either have retained
a small gaseous envelope or have a predominantly rocky
composition. Receiving insolation fluxes of 4.7+1.0−0.7S⊕,
and 2.42+0.23−0.22S⊕, both planets reside in the exoplanet
’Venus-Zone’—the region between the runaway green-
house boundary defined by Kopparapu et al. (2013) and
25S⊕ (Kane et al. 2014; Ostberg & Kane 2019)—where
the outer planet has an insolation flux similar to that
of Venus of 1.91S⊕. The detailed characterization of
systems in the Venus-Zone, including mass and atmo-
spheric compositions, will increase our understanding
of the limits of habitable environments. Using precise
radial velocities from the Habitable-zone Planet Finder
Spectrograph, we place upper limits on the mass of both
planets. Both planets are amenable for mass constraints
with additional RV observations. A mass constraint of
the outer planet will allow its composition to be deter-
mined, and will be a valuable data point in discerning
between competing models explaining the emergence of
the Radius Valley.
This paper is structured as follows. Section 2 describes
the observations and data reduction. In Section 3, we
describe the key parameters of the host star, and in Sec-
tion 4 we describe our constraints on parameters of the
planets. In Section 5, we statistically validate both plan-
ets. In Section 6, we place the TOI-1266 system in con-
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text with other exoplanet systems, and we conclude in
Section 7 with a summary of our key findings.
2. OBSERVATIONS AND DATA REDUCTION
2.1. TESS Photometry
TOI-1266 was observed by TESS in 4 sectors in Sector
14 (Camera 4; July 18, 2019 – August 15, 2019), Sector
15 (Camera 4; August 15, 2019 – September 11, 2019),
Sector 21 (Camera 3; January 21, 2020 – February 18,
2020), and Sector 22 (Camera 3; February 18, 2020 –
March 18, 2020). TOI-1266 is listed as TIC 467179528
in the TESS Input Catalog (TIC; Stassun et al. 2018,
2019). Pixel data in a 11 × 11 array surrounding TOI-
1266 were averaged into 2-minute stacks, which were
reduced to lightcurves by the Science Processing Oper-
ations Center (SPOC) at NASA Ames (Jenkins et al.
2016). We analyzed the Presearch Data Condition-
ing Single Aperture Photometry (PDCSAP) lightcurve,
which contains systematics-corrected data using the al-
gorithms originally developed for the Kepler data analy-
sis pipeline. The PDCSAP lightcurve uses pixels chosen
to maximize the SNR of the target and has removed
systematic variability by fitting out trends common to
many stars (Smith et al. 2012; Stumpe et al. 2014). Fig-
ure 1 highlights the TESS apertures for the different
TESS Sectors and nearby stars detected by Gaia. From
Figure 1, we see that two stars partially overlap the
TESS apertures for TOI-1266 (Tmag=11.0) in some sec-
tors: TIC 467179527 (Tmag=15.6; separation of 36′′),
and TIC 467179526 (Tmag=18.338, separation of 36′′),
both of which are significantly fainter (∆Tmag=4.6, and
∆Tmag=7.3) than TOI-1266. The faintness and the
separation of the two stars results in minimal dilution
of the TESS light curve.
Analysis by the TESS Science Processing Operations
Center identified two possible planetary signals, and hu-
man vetting of the data reports (Twicken et al. 2018;
Li et al. 2019) resulted in the announcement of planet
candidates TOI-1266.01 and TOI-1266.02, available on
the TESS alerts website1. The SPOC data validation
reports (Twicken et al. 2018; Liu et al. 2019) note no
significant centroid offsets for either planet candidate.
To clean the available TESS data, we removed all
points with non-zero quality flags (4844 in total) which
indicate known problems (e.g., Tenenbaum & Jenkins
2018). We removed additional 12 points that we identi-
fied as 4 sigma outliers, leaving a total of 68891 points
that we used for the fitting, with a median errorbar of
2270ppm. The median-normalized TESS PDCSAP light
1 https://tev.mit.edu/data/
curve is shown in Figure 2. We retrieved the data us-
ing the lightkurve package (Lightkurve Collaboration
et al. 2018).
2.2. Ground-based Photometry with the 0.4m Perkin
Telescope
We observed a transit of TOI-1266b (Figure 2) on the
night of March 21, 2020 using the 0.43m (17") Richard
S. Perkin telescope at Hobart and William Smith Col-
leges. The telescope is a 17" PlaneWave Corrected Dall-
Kirkham (CDK) telescope on a Paramount equatorial
mount with an SBIG 8300 M camera with 3326× 2504
pixels that are 5.4×5.4µm square. The plate scale of the
camera in the 1×1 binning mode we used is 0.38 ′′/pixel,
resulting in a Field-of-View (FOV) of 21 × 16′. We ob-
tained 106 images over ∼5 hours centered on the target
in the Sloan r′ filter, where all images were taken above
an airmass of 1.5. To improve the observing efficiency,
we defocused moderately, which allowed us to use an
exposure time of 180 seconds. The guiding was stable
throughout the observations.
We processed the observations using AstroImageJ
(Collins et al. 2017) using standard bias, dark, and flat-
field frames. For flat-field calibrations, we used a me-
dian combined flat created from 28 sky-flat images at
the beginning of the observations. We performed aper-
ture photometry using AstroImageJ (Collins et al. 2017)
on the calibrated images. We systematically tested a
number of different apertures from 15 to 30 pixels. Ul-
timately, we settled on an aperture of 18 pixels (6.8′′)
in radius with inner and outer sky annuli of 35 pixels
(13.3′′) and 45 pixels (17.1′′), respectively, which showed
the lowest scatter in the final light curve. We experi-
mented with detrending with different parameters (e.g.,
airmass, centroid offsets), but we observed no significant
improvement in the resulting photometry.
2.3. Diffuser-assisted Photometry with the 3.5m ARC
Telescope
We observed a transit of TOI-1266c (Figure 2) on the
night of January 28, 2020 using the the Astrophysical
Research Consortium Telescope Imaging Camera (ARC-
TIC) Imager (Huehnerhoff et al. 2016) on the 3.5m As-
trophysical Research Consortium (ARC) 3.5m Telescope
at Apache Point Observatory (APO). The target rose
from an airmass of 1.44 at the start of the observations
to a minimum airmass of 1.19, and ended at a slightly
lower airmass of 1.21. We observed the transit using
the Engineered Diffuser available on ARCTIC, which
we designed specifically to enable precision photomet-
ric observations from the ground on nearby bright stars
(see e.g., Stefansson et al. 2017, 2018a,b, 2020). The ob-
servations were performed using the SDSS i′ filter with
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Figure 1. TESS apertures (red shaded areas) and full TESS 11 × 11 pixel grids (blue lines) highlighted over seeing-limited
images from a) POSS-1 from 1955.3, and b) the Zwicky Transiet Facility (ZTF; Masci et al. 2019) from 2018.2. The location of
TOI-1266 is noted with the yellow star. Other nearby stars as detected by Gaia are highlighted with the colorbar. Two nearby
stars that are partially overlapping with the TESS aperture are highlighted, but due to their faintness, they result in minimal
dilution of the TESS light curve. The green circle in a) highlights the position of TOI-1266 in 2018, showing no evidence of an
overlapping background star at its position during the TESS observations.
an exposure time of 25 s in the quad-readout mode with
4 × 4 on-chip binning. In this mode, ARCTIC has a
gain of 2.0 e/ADU, and a plate scale of 0.44 ′′/pixel, and
a short readout time of 2.7 s.
We processed the data using AstroImageJ (Collins
et al. 2017) using standard bias and dark frames. We
did observe a linear trend in the data, which through
visual inspection could effectively be removed using a
combination of detrending with a simultaneous line +
airmass detrend. We experimented reducing the pho-
tometry both with and without a flat field calibration,
but neither removed the observed trend. We saw a slight
improvement in the resulting photometry without using
the flat field, and as such, elected to present the data
without the flat-field calibration. As discussed below,
for our final parameter estimation, we fit for the tran-
sit model simultaneously with a Gaussian-Process model
using a Matern 3/2 kernel to account for this red-noise
component observed in the transit data. Clear outliers,
either due to cosmic rays or charged-particle events were
removed using AstroImageJ. To arrive at the final pho-
tometric reduction, we experimented extracting the data
using a number of different apertures, and selected an
aperture of 18 pixels (8′′) with an inner sky annulus of
20 pixels (9′′) and outer sky annulus of 50 pixels (22′′),
as this setting showed the overall lowest scatter in the
final light curve.
2.4. Habitable-zone Planet Finder
We obtained high resolution spectra of TOI-1266 with
the Habitable-zone Planet Finder (HPF) Spectrograph
to place upper limits on the masses of both planets and
to obtain precise spectroscopic parameters of the host
star. HPF is a fiber-fed near-infrared (NIR) spectro-
graph on the 10m Hobby-Eberly Telescope (Mahadevan
et al. 2012, 2014) at McDonald Observatory in Texas,
covering the z, Y , and J bands from 810 nm-1260nm
at a resolution of R = 55, 000. To enable precision ra-
dial velocities in the NIR, HPF is temperature stabilized
at the milli-Kelvin level (Stefansson et al. 2016). The
HET is a fully queue scheduled telescope (Shetrone et al.
2007), and all observations were executed as part of the
HET queue. In total we obtained 46 spectra in 22 dif-
ferent HET tracks2 with two 969 s exposures taken on
average in each HET track. The 46 different spectra
had a median SNR of 135 per extracted 1D pixel evalu-
ated at 1 micron, and a median RV errorbar of 10.3m/s.
After binning to the 22 different individual tracks, the
median RV errorbar is 7.4m/s. We used the binned RVs
for all subsequent analysis.
2 HET is a fixed-altitude telescope and can only observe a given
target at certain times or ’tracks’.
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Figure 2. Transit photometry of TOI-1266. a) Short-cadence (2-minute) TESS photometry is shown in black. The blue points
show the data binned to 10 minutes. The red curve shows our best-fit joint model including both planets b and c. The blue
and red triangles denote transits of planets b and c, respectively. b-c) Phase-folded photometry from TESS of the transits of
TOI-1266b and TOI-1266c, respectively. d) Ground-based photometry from the 0.4m Perkin Telescope showing the transit of
TOI-1266b. e) Diffuser-assisted photometry during the transit of TOI-1266c using the Engineered Diffuser on the 3.5m Telescope
at Apache Point Observatory.
HPF has a NIR Laser Frequency Comb (LFC) cal-
ibrator to provide a precise wavelength solution and
track instrumental drifts, which has been shown to en-
able ∼20 cm/s RV calibration precision in 10 minute
bins (Metcalf et al. 2019). Following Stefansson et al.
(2020), we elected not to use the simultaneous LFC cal-
ibration during the observations to minimize the risk of
contaminating the science spectrum from scattered light
from the LFC. Instead, we perform the RV drift cor-
rection by extrapolating the wavelength solution from
LFC frames taken as part of standard evening/morning
calibrations and from LFC calibration frames taken pe-
riodically throughout the night. This methodology has
been shown to enable precise wavelength calibration at
the ∼30 cm/s level, much smaller than the RV errorbar
of the observations discussed here.
The HPF 1D spectra were reduced using the HPF
pipeline, following the procedures in Ninan et al. (2018),
Kaplan et al. (2018), and Metcalf et al. (2019). Follow-
ing the 1D spectral extraction, we reduced the HPF ra-
dial velocities using an adopted version of the SERVAL
(SpEctrum Radial Velocity Analyzer) pipeline (Zech-
meister et al. 2018), which is described in Stefansson
et al. (2020). In short, SERVAL uses the template match-
ing algorithm to derive RVs, which has been shown
to be particularly effective at producing precise ra-
dial velocities for M-dwarfs (Anglada-Escudé & Butler
2012). SERVAL uses the barycorrpy package (Kanodia
& Wright 2018) which uses the methodology of Wright
& Eastman (2014) to calculate accurate barycentric ve-
locities. Following Metcalf et al. (2019) and Stefans-
son et al. (2020), we only use the 8 HPF orders that
are cleanest of tellurics, covering the wavelength regions
from 8540-8890Å, and 9940-10760Å. We subtracted the
estimated sky-background from the stellar spectrum us-
ing the dedicated HPF sky fiber. Again following the
methodology described in Metcalf et al. (2019) and Ste-
fansson et al. (2020), we explicitly masked out telluric
lines and sky-emission lines to minimize their impact on
the RV determination. Table 4 in the Appendix lists the
RVs from HPF used in this work.
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Figure 3. Contrast limits from our NESSI speckle imaging
data shown in two different bands centered around 562nm
(blue) and 832nm (red). The insets show reconstructed im-
ages from the two bandpasses. No secondary sources are
detected.
2.5. Speckle Imaging
To rule out nearby companions, on the night of De-
cember 5 2019, we obtained speckle observations of TOI-
1266 using the NASA Exoplanet Star and Speckle Im-
ager (NESSI; Scott et al. 2018) on the 3.5m WIYN Tele-
scope at Kitt Peak National Observatory in Arizona. We
reduced the data following the methodologies outlined
in Howell et al. (2011). NESSI provides a resolution of
∼0.04′′ in two bands centered around 562 nm (width of
44 nm) and 832 nm (width of 40 nm; Scott et al. 2018).
Figure 3 shows the resulting contrast curves and recon-
structed 256 × 256 images for the two bands. No sec-
ondary sources were detected in the reconstructed im-
ages, and from the contrast curve, we place a limit of
∆mag∼4 for nearby companions between 0.2′′ and 1.2′′.
3. STELLAR PARAMETERS
To obtain spectroscopic constraints on the effective
temperature Teff , stellar surface gravity log g, and metal-
licity [Fe/H], we use the empirical spectral matching al-
gorithm described in Stefansson et al. (2020). In short,
this algorithm closely follows the methodology in Yee
et al. (2017), where the target spectrum is compared
to a library of high S/N as-observed spectra using a χ2
metric. From our analysis of the HPF spectra, we obtain
the following spectroscopic values: Teff = 3563 ± 77 K,
log g = 4.785± 0.05, [Fe/H] = −0.121± 0.13. From the
spectral matching analysis, the two best matching stars
are GJ 2066 and GJ 393, both of which have literature
spectral types of M2.0 (see Alonso-Floriano et al. 2015,
and Lépine et al. 2013, respectively), which we adopt for
TOI-1266.
To obtain model-dependent constraints on the stel-
lar mass, radius, effective temperature, and age, we fit
the Spectral Energy Distribution (SED) of TOI-1266 us-
ing the EXOFASTv2 package (Eastman et al. 2019) using
as inputs a) the available literature photometry, b) the
Gaia distance from Bailer-Jones et al. (2018), and c) the
spectroscopic values discussed above as Gaussian priors.
We adopt a uniform prior for the visual extinction where
the upper limit is determined from estimates of Galactic
dust by Green et al. (2019) (Bayestar19) calculated at
the distance determined by Bailer-Jones et al. (2018).
We adopt the Rv = 3.1 reddening law from Fitzpatrick
(1999) to convert the Bayestar19 extinction to a visual
magnitude extinction. EXOFASTv2 uses the BT-NextGen
Model grid of theoretical spectra (Allard et al. 2012),
and the MESA Isochrones and Stellar Tracks (MIST;
Dotter 2016; Choi et al. 2016) to fit the SED and derive
model dependent stellar parameters. Table 1 lists the re-
sulting model dependent stellar parameters derived from
the SED analysis, which agree well with the spectro-
scopically derived parameters. We calculate the galac-
tic U , V , and W velocities of TOI-1266 using the GALPY
(Bovy 2015) package (see Table 1), and we note that
Carrillo et al. (2020) calculate membership probabilities
of 97.2%, 0.0%, 2.8% for TOI-1266 to be a member of
the galactic thin-disk, thick-disk, and galactic halo pop-
ulations, respectively.
From the spectral matching analysis we also obtain
a limit on the projected stellar rotational velocity of
v sin i < 2 km/s, suggestive of a slow rotator. This is
in agreement with the the fact that we do not see clear
rotational modulation in the TESS photometry at short
periods. As a further test, we analyzed available ground-
based photometry from the All-Sky Automated Sur-
vey for SuperNovae (ASAS-SN; Kochanek et al. 2017)
and the Zwicky Transient Facility (ZTF; Masci et al.
2019). We see no significant rotation signals that occur
in both datasets by studying their Lomb-Scargle peri-
odograms of these datasets. In addition, in Subsection
4.1, we discuss periodograms of activity indicators from
the HPF spectra, which show no clear evidence of ac-
tivity (e.g., no clear variability seen in the Calcium II
Infrared Triplet or differential line widths). As such,
without clear indication of photometric modulation in
neither the TESS, ground-based photometry, or signs of
activity from the HPF spectra, we conclude that TOI-
1266 is an inactive star with a moderate or long rotation
period.
4. PLANET PARAMETERS
4.1. Search for Additional Planets
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Table 1. Summary of stellar parameters used in this work.
Parameter Description Value Reference
Main identifiers:
TIC - 467179528 TIC
TOI - 1266 TIC
2MASS - J13115955+6550017 TIC
Equatorial Coordinates, Proper Motion and Spectral Type:
αJ2000 Right Ascension (RA) 13:11:59.18 Gaia
δJ2000 Declination (Dec) +65:50:01.31 Gaia
µα Proper motion (RA, mas yr−1) −150.652± 0.041 Gaia
µδ Proper motion (Dec, mas yr−1) −25.368± 0.039 Gaia
Spectral Type - M2 This Work
Equatorial Coordinates, Proper Motion and Spectral Type:
B APASS Johnson B mag 14.578± 0.048 APASS
V APASS Johnson V mag 12.941± 0.049 APASS
g′ APASS Sloan g′ mag 13.811± 0.050 APASS
r′ APASS Sloan r′ mag 12.297± 0.070 APASS
i′ APASS Sloan i′ mag 11.246± 0.150 APASS
TESS-mag TESS magnitude 11.040± 0.007 TIC
J 2MASS J mag 9.706± 0.023 2MASS
H 2MASS H mag 9.065± 0.030 2MASS
KS 2MASS KS mag 8.840± 0.020 2MASS
WISE1 WISE1 mag 8.715± 0.022 WISE
WISE2 WISE2 mag 8.612± 0.019 WISE
WISE3 WISE3 mag 8.504± 0.024 WISE
WISE4 WISE4 mag 8.233± 0.207 WISE
Spectroscopic Parametersa:
Teff Effective temperature in K 3563± 77 This work
[Fe/H] Metallicity in dex −0.121± 0.13 This work
log(g) Surface gravity in cgs units 4.785± 0.05 This work
Model-Dependent Stellar SED and Isochrone fit Parametersb (adopted):
Teff Effective temperature in K 3573+35−38 This work
[Fe/H] Metallicity in dex −0.08+0.13−0.10 This work
log(g) Surface gravity in cgs units 4.826+0.020−0.021 This work
M∗ Mass in M 0.437± 0.021 This work
R∗ Radius in R 0.4232+0.0077−0.0079 This work
ρ∗ Density in g cm−3 8.13+0.47−0.46 This work
Age Age in Gyrs 7.9+4.2−5.2 This work
L∗ Luminosity in L 0.02629+0.00071−0.00075 This work
Av Visual extinction in mag 0.015+0.011−0.010 This work
d Distance in pc 36.011+0.029−0.030 Gaia, Bailer-Jones
pi Parallax in mas 27.769+0.023−0.022 Gaia
Other Stellar Parameters:
v sin i∗ Stellar rotational velocity in km s−1 < 2 This work
RV Absolute radial velocity in km s−1 (γ) −41.58± 0.26 This work
U . Galactic U Velocity (km/s) −5.8± 0.2 This work
V Galactic V Velocity (km/s) −40.3± 0.4 This work
W Galactic W Velocity (km/s) −27.9± 0.6 This work
References are: TIC (Stassun et al. 2018, 2019), Gaia (Gaia Collaboration 2018), APASS (Henden
et al. 2015), 2MASS/WISE (Cutri & et al. 2014), Bailer-Jones (Bailer-Jones et al. 2018).
aDerived using the HPF spectral matching algorithm from Stefansson et al. (2020).
b EXOFASTv2 derived values using MIST isochrones with the Gaia parallax and spectroscopic parameters
in a) as priors.
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Figure 4. Box-Least-Square (BLS) power spectra as a func-
tion of orbital period: a) BLS power spectrum of all avail-
able TESS photometry shows a clear peak at a period of
P = 10.89days (planet b, blue vertical line); b) BLS power
spectrum of the TESS photometry after masking out tran-
sits of planet b shows a clear peak at P = 18.80days (planet
c, red vertical line); BLS power spectrum after masking out
both transits of planet b and c shows no further clear peaks.
We looked for additional transiting planets in the
TESS data using the Box-Least-Squares (BLS) algo-
rithm (Kovács et al. 2002) as implemented in the
lightkurve package. Figure 4 shows the BLS power
spectra of the available TESS photometry after itera-
tively masking out transits of planets b and c (in a re-
gion 1.5 times as wide as the transit duration for each
planet centered around the transit midpoints), showing
no significant evidence for further transiting planets in
the system. We additionally looked for evidence of Tran-
sit Timing Variations (TTVs; Holman & Murray 2005;
Agol et al. 2005) using the TTVOrbit fitting tools in the
exoplanet code (Foreman-Mackey et al. 2020). In do-
ing so, we see no evidence for significant TTVs, with
all individual transit times fully consistent with a lin-
ear ephemeris, which suggests that there are no massive
planets in the system orbiting at or close to orbital res-
onances with planets b or c.
We additionally looked for signs of non-transiting
planets in the HPF RVs. Figure 5 shows Generalized
Lomb-Scargle (LS) periodograms of the HPF RVs, along
with a number of activity indicators measured from
the HPF spectra, including the Differential Line Width
(dLW), the Chromatic Index (CRX), and line indices
of the three Calcium II Infrared Triplet (Ca II IRT)
lines. To calculate the activity indicators, we follow the
definition and procedures in the SERVAL pipeline (Zech-
meister et al. 2018), and we note that their use for HPF
spectra, including listing the exact wavelength ranges
used to calculate the Ca II IRT indices, are further
discussed in Stefansson et al. 2020 (submitted). We
calculate the Generalized LS periodograms using the
astropy.timeseries package, and we calculated the
False Alarm Probabilities3 using the bootstrap method
implemented in the same package. In Figure 5, we addi-
tionally show the Window Function (WF) of our RV ob-
servations. All of the periodograms in Figure 5 are nor-
malized using the formalism in Zechmeister & Kürster
(2009), except the window function is normalized such
that the highest peak has a power of 1. Table 4 in the
appendix lists the values of the RVs and the activity
indicators.
From Figure 5, we see no significant peaks (with
FAP < 0.1%), with no clear peaks seen at the known
planet periods. We attribute the latter due the expected
RV amplitude of the planets (3.3m/s and 1.6m/s for
planets b and c, respectively) being below the median
HPF RV precision of 7.4m/s (see Subsection 6.1). We
note that we see a hint of two peaks at 1.779days and its
1-day alias of 2.230days in the RVs (Figure 5a), although
both peaks have a low significance with a FAP > 1%.
Although there remains a possibility that there are other
planets in the system which could contribute additional
variability to the RVs, further data is required to confi-
dently rule out or confirm their presence. In the absence
of strong evidence for more planets in the system, we fit
the available datasets (photometry and RVs) assuming
the two known transiting planets in the system.
4.2. Transit, RV, and Gaussian Process Modeling
We jointly model the available photometry from TESS
and the two ground-based transits along with the ra-
dial velocities using the juliet code (Espinoza et al.
2018). In juliet, we used the dynesty package (Spea-
gle 2019) to perform dynamic nested sampling for pa-
rameter estimation. juliet uses the batman package
(Kreidberg 2015) for the transit model—which uses the
transit prescription from (Mandel & Agol 2002)—and
uses the radvel package (Fulton et al. 2018) for the
RV model. Following the implementation in juliet,
we parameterize the transit in terms of the radius ra-
tio (p = Rp/R∗) and the impact parameter b. Due to
the lack of nearby bright stars in the TESS aperture,
and the resulting minimal dilution in the TESS data,
we fix the dilution factor D in juliet for the TESS
and ground-based photometry to D = 0. As both the
ground-based and TESS transits were observed in sim-
ilar band-passes (TESS bandpass, and in the SDSS r′
3 Although the False Alarm Probability is a commonly used in peri-
odogram analysis in radial velocity data it has known limitations
(see e.g., discussion in Fischer et al. 2016).
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Figure 5. Lomb-Scargle periodograms of the HPF RVs
along with different activity indicators. The periods of plan-
ets b and c are highlighted with the dashed blue and red
lines, respectively. False Alarm Probabilities (FAP) of 1%
and 0.1% calculated using a bootstrap method are denoted
with the grey solid and grey dashed lines, respectively. a)
HPF RVs; b) Differential line width (dLW) activity indica-
tor; c) Chromatic Index activity indicator (CRX); d-f) Ca
II IRT indices for the three Ca II IRT lines; g) The window
function of the HPF RVs, showing a clear sampling peak at 1
day. The power in a-f) is normalized using the formalism in
Zechmeister & Kürster (2009), and g) is normalized so that
the highest peak is unity.
and SDSS i′ filters), we assume the transit depth in the
TESS and ground-based transits are identical. We use
a quadratic limb-darkening law to describe the transits,
where we elect to use the q1 and q2 limb-darkening pa-
rameterization from Kipping (2013), and to minimize
biases in the resulting planet parameter constraints, we
follow the suggestion in Espinoza & Jordán (2015) and
place uniform priors on the limb darkening parameters
from 0 to 1.
To check if both transits recovered consistent stellar
densities, we first performed a fit assuming circular or-
bits for both planets without an explicit prior on the
stellar density. In doing so, we recover a stellar den-
sity of ρ∗ = 9.2 ± 1.4 g/cm3 and ρ∗ = 7.0+5.0−3.9 g/cm3
from the transits of planets b and c, respectively. From
this, we see that both values are consistent with the
model-dependent stellar density from Table 1 of ρ∗ =
8.13 ± 0.48 g/cm3, suggesting that the two planets in-
deed transit TOI-1266. This consistency between the
transit-derived stellar density assuming circular orbits
and the model-dependent stellar density further sug-
gests that both planets have low eccentricities, which
conforms with the trend that multi-transiting systems
generally show low eccentricities (Van Eylen & Albrecht
2015). As such, without strong evidence suggesting non-
circular orbits, for our final parameter estimation, we
assumed that both planets have circular orbits. We
further place a Gaussian prior on the stellar density of
ρ∗ = 8.13 ± 0.48 g/cm3 to accurately constrain the or-
bital distance (a/R∗) of both planets. In total, we fit for
36 parameters. Table 2 summarizes the priors we used.
To account for correlated noise in the photometric
datasets, we use a Gaussian Process noise model, where
we choose different kernels for the different datasets
to best reflect the characteristic noise structures seen
in the data as a function of time. For the TESS
data, to account for any possible low-level photometric
modulations, we use the quasi-periodic kernel from the
celerite package (Foreman-Mackey et al. 2017), with
a kernel function of the form,
k(xl, xm) =
B
2 + C
e−τ/L
[
cos
(
2piτ
PGP
)
+ (1 + C)
]
, (1)
where τ = |xl − xm|, and where B, C, L, and Prot are
the hyperparameters of the kernel. B and C tune the
weight of the exponential decay component of the kernel
with a decay constant of L (in days), and PGP corre-
sponds to the periodicity of the quasi-periodic oscilla-
tions which we interpret as the stellar rotation period.
For the ground-based datasets, we follow Stefansson et
al. 2020 (submitted), and use the Approximate Matern-
3/2 kernel multiplied by an exponential kernel available
in juliet. This kernel has covariance properties that
are better matched to shorter-term instrumental and/or
atmospheric red-noise structures often seen in ground-
based datasets (see e.g., Pepper et al. 2017; Espinoza
et al. 2018). As implemented in juliet, this kernel
has the following form (see also Foreman-Mackey et al.
(2017)),
k(xl, xm) = σ
2
GPe
−τ/L
[
(1 + 1/)e−1(1−)s + (1− 1/)e−1(1+)s
]
,
(2)
where s =
√
3τ/ρ, and τ = |xl−xm|, with hyperparam-
eters σGP (photometric amplitude in ppm), L (length
scale of the exponential component in days), and ρ
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Table 2. Summary of priors used for our joint transit and RV
fit. N (µ, σ) denotes a normal prior with mean µ, and standard
deviation σ; U(a, b) denotes a uniform prior with a start value a and
end value b, and J (a, b) denotes a Jeffreys prior truncated between
a start value a and end value b. We assumed circular orbits and no
photometric dilution for both planets.
Parameter Description Model
Orbital Parameters - Planet b:
P Orbital Period (days) N (10.895411, 0.01)
TC Transit Midpoint - 2458000 (BJDTDB) U(690.95, 691.05)
Rp/R∗ Scaled Radius U(0, 1)
a/R∗ Scaled Semi-major axis J (1, 200)
b Impact Parameter U(0, 1)
K RV semi-amplitude (m/s) U(0, 100)
Orbital Parameters - Planet c:
P Orbital Period (days) N (18.79545, 0.01)
TC Transit Midpoint - 2458000 (BJDTDB) U(689.90, 690.00)
Rp/R∗ Scaled Radius U(0, 1)
a/R∗ Scaled Semi-major axis J (1, 200)
b Impact Parameter U(0, 1)
K RV semi-amplitude (m/s) U(0, 100)
Other constraints:
ρ∗ Stellar density ( g cm−3) N (8.13, 0.48)
Instrumental Terms:
qa1 Limb-darkening parameter U(0, 1)
qa2 Limb-darkening parameter U(0, 1)
σphot
b Photometric jitter ( ppm) J (1, 5000)
µphot
b Photometric baseline N (0, 0.1)
σHPF HPF RV jitter (m/s) J (0.01, 100)
γ HPF RV offset (m/s) U(−50, 50)
TESS Quasi-Periodic GP Parameters:
PGP GP Period (days) J (0.1, 1000)
B GP Amplitude ( ppm2) J (10−6, 1)
C GP Additive Factor J (10−3, 103)
L GP Length Scale (days) J (1, 103)
Perkin 0.4m Approximate Matern 3/2 GP Parameters:
σGP GP Amplitude (ppm) J (0.1, 104)
τ Timescale of exp. kernel (days) J (0.01, 105)
ρ Timescale of Matern kernel (days) J (0.01, 105)
APO 3.5m Approximate Matern 3/2 GP Parameters:
σGP GP Amplitude (ppm) J (0.1, 104)
τ Timescale of exp. kernel (days) J (0.01, 105)
ρ Timescale of Matern kernel (days) J (0.01, 105)
aWe use the same uniform priors for pairs of limb darkening parameters q1 and
q2 (parameterization from Kipping (2013), and use separate limb darkening
parameters for each instrument).
b For each photometric dataset (TESS, 0.4m Perkin, and 3.5m APO), we
placed a separate photometric jitter and and baseline offset term.
(length scale of the Matern-3/2 kernel in days), and with
 = 0.01, where we note that as  approaches 0 the fac-
tor inside the brackets converges to a Matern 3/2 kernel
(Foreman-Mackey et al. 2017; Espinoza et al. 2018).
For the RV dataset, given the few number of RV points
available and the low activity of the star, we do not use
a Gaussian Process model and rather adopt a white-
noise model to account for potential systematics and/or
stellar jitter effects.
4.3. Derived Planet Parameters
Figure 2 shows the TESS transits and ground-based
transits, along with our best-fit model. Figure 6 shows
the RVs from HPF, showing the unbinned RVs as a func-
tion of time, as well as the RVs phased around each
planet. Table 3 shows the resulting planet parameters
from our joint fit of the photometry and the radial veloc-
ities. To cross-check the parameters reported by juliet
which uses nested sampling, we performed a separate
fit using the exoplanet code (Foreman-Mackey et al.
2020), which uses the PyMC3 Markov Chain Monte-Carlo
package for parameter estimation (Salvatier et al. 2016).
The exoplanet package builds on the theano package
(Theano Development Team 2016) for the numerical in-
frastructure and uses the starry package (Luger et al.
2019) for the light-curve generation. This test resulted
in fully consistent parameters (within 1σ) to the param-
eters reported by juliet. For brevity, we adapt the
parameters from juliet in Table 3.
5. STATISTICAL VALIDATION
To estimate the probability that the transits we ob-
served were due to astrophysical false positives, we
used the statistical techniques of Morton (2012) imple-
mented in the Validation of Exoplanet Signals using a
Probabilistic Algorithm (VESPA) package (Morton 2015).
VESPA calculates the false positive probability (FPP) of
transiting planet candidates by simulating and deter-
mining the likelihood of a range of astrophysical false
positive scenarios that could replicate the observed light
curves, including background eclipsing binaries, eclips-
ing binaries, and hierarchical eclipsing binaries. As in-
puts to VESPA, we used a) the phase-folded TESS tran-
sit in a 2x transit duration window around the center of
each transit, b) the position of the target in the sky, c)
the 2MASS J , H, K, SDSS g′, r′, i′, and TESS mag-
nitudes, d) the Gaia parallax, e) the host star stellar
effective temperature, surface gravity, and metallicity,
and f) the maximum visual extinction from estimates
of Galactic dust extinction (Green et al. 2019). These
values are listed in Table 1.
In addition to the inputs above, VESPA requires two
additional constraints. First, as we have ground-based
transit observations of both planets recovering fully con-
sistent transits with the TESS transits but at a finer
pixel scale, we set the maximum separation for a back-
ground eclipsing object equal to the aperture radius used
for the ground-based photometric extractions for planet
b (7′′ from Perkin) and c (8′′ from APO), respectively.
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Figure 6. RVs from HPF a) as a function of time, and b) and c) show the RVs folded on the periods of planet b and planet c,
respectively. The median best-fit model is shown in red. The grey shaded regions show the 68% and 99.7% credible intervals
from the posteriors.
Second, we set the maximum depth of secondary eclipse
equal to the RMS of the unbinned TESS lightcurve
(2262 ppm). Assuming the more conservative approach
that the transits of planets b and c are independent, we
obtain a FPP rate of 8× 10−6 and 1.9× 10−3 for plan-
ets b and c, respectively. Although already showing low
FPP values, we argue that the real false positive proba-
bilities are even lower accounting for that false positive
scenarios are less likely in multi-planet systems (e.g.,
Latham et al. 2011; Lissauer et al. 2012). We consider
both planets statistically validated.
6. DISCUSSION
6.1. Mass and Bulk Composition Constraints
From the HPF RVs, we obtain formal mass constraints
of 6.9+5.5−4.0M⊕ and 1.9
+2.3
−1.3M⊕ for planets b and c, respec-
tively, which we use to place upper mass constraints
of 15.9M⊕ and 6.4M⊕ at 95% confidence (2σ) for the
two planets, respectively. The corresponding 99.7%
percentile constraints are 22.3M⊕ and 11.3M⊕, respec-
tively. We compared these mass constraints with the
predicted masses calculated with the mass-radius rela-
tions in the Forecaster (Chen & Kipping 2017) and
the MRExo (Kanodia et al. 2019) mass-radius packages.
Forecaster uses a broken power-law mass-radius rela-
tion to predict exoplanet masses from their radii derived
from a sample of exoplanets across different spectral
types, while the MRExo package uses a non-parametric
relation specifically trained on current M-dwarf planet
systems with well measured masses and radii (Kanodia
et al. 2019). From Forecaster, we predict a mass of
6.6+5.0−2.8M⊕ and 3.8
+2.6
−1.4M⊕ for planets b and c, trans-
lating to expected RV semi-amplitudes of 3.3+2.5−1.4 m/s,
and 1.6+1.0−0.6 m/s, respectively. From MRExo, we predict
masses of 6.2+6.7−3.2M⊕ and 2.9
+5.1
−1.7M⊕ for planets b and c,
respectively. We see that our current mass constraints
are fully consistent with the predicted mass estimates.
Using our formal mass constraints, in Figure 7, we ex-
plored the most likely composition of the two planets
by comparing our posteriors to the composition mod-
12 Stefansson et al.
Table 3. Median values and 68% credible intervals from our joint fit of the photometry and radial
velocity data of TOI-1266. Both planets are assumed to be on circular orbits. The formal 68% credible
interval for the masses of the two planets are 6.9+5.5−4.0M⊕ and 1.9
+2.3
−1.3M⊕ for planets b and c, which we
use to place 95% upper limits on the mass as listed below.
Parameter Description Planet b Planet c
TC (BJDTDB) Transit Midpoint 2458691.005+0.0011−0.0011 2458689.9589
+0.0060
−0.0050
P (days) Orbital period 10.894879+0.00007−0.00007 18.80152
+0.00054
−0.00067
Rp/R∗ Radius ratio 0.0532+0.0015−0.0012 0.0363
+0.0017
−0.0022
Rp(R⊕) Planet radius (Earth radii) 2.458+0.083−0.073 1.673
+0.087
−0.110
Rp(RJ) Planet radius (Jupiter radii) 0.2193+0.0074−0.0066 0.1492
+0.0077
−0.0095
δp,K2 Transit depth 0.00283+0.00016−0.00013 0.00132
+0.00013
−0.00016
a/R∗ Normalized orbital radius 37.9+2.2−3.5 52.66
+0.97
−0.73
a (AU) Semi-major axis (from a/R∗ and R∗) 0.0745+0.0046−0.0069 0.1037
+0.0026
−0.0025
ρ∗,transit (g/cm3) Density of star 8.7+1.6−2.2 7.81
+0.44
−0.32
i (◦) Transit inclination 89.36+0.20−0.33 89.225
+0.060
−0.043
b Impact parameter 0.43+0.16−0.12 0.714
+0.035
−0.050
e Eccentricity 0 (adopted)
ω (◦) Argument of periastron 90 (adopted)
Teq (K) Equilibrium temp. (assuming a = 0.3) 410.0+21.0−15.0 347.1
+7.9
−8.0
Teq (K) Equilibrium temp. (assuming a = 0.0) 287.0+15.0−11.0 243.0
+5.6
−5.6
S (S⊕) Insolation Flux 4.72+1.0−0.66 2.42
+0.23
−0.22
T14 (days) Transit duration 0.0879+0.0017−0.0016 0.0853
+0.0046
−0.0036
T23 (days) Transit duration 0.0767+0.0019−0.0021 0.0735
+0.0056
−0.0045
τ (days) Ingress/egress duration 0.00537+0.0014−0.00060 0.00589
+0.00053
−0.00064
K (m/s) RV Semi-amplitude 3.5+2.7−2.0 0.8
+0.97
−0.53
mp (M⊕) Planet mass < 15.9 at 95% confidence < 6.4 at 95% confidence
σw,HPF (m/s) HPF RV jitter 6.5+2.0−1.6
γ (m/s) HPF RV offset 0.3+1.8−1.9
els of Zeng et al. (2019). From Figure 7, we can see
that both planets are consistent with non-rocky com-
positions, favoring either a water-rich world (e.g., the
100% H2O model) and/or a rocky core enveloped by
a H/He atmosphere4. For planet b, if we assume the
two-component model of Lopez & Fortney (2014) con-
sisting of a rocky core enveloped by a predominantly
H/He atmosphere, we estimate a gas composition mass
fraction of 1.5−2.0%. For planet c, although our current
RVs currently only show a marginal non-zero detection
of the low-RV amplitude signal, our current RV con-
straints suggesting a mass < 6.4M⊕ at 95% confidence
hint at a non-Earth-like composition, tilting towards a
water-rich or rocky world enshrouded by a H/He atmo-
sphere. Further RVs are required to confirm and better
constrain the composition of both planets—in particu-
lar for planet c. As TOI-1266 is a relatively nearby and
bright (V = 12.9, J = 9.7) early M-dwarf, an accurate
mass measurement of both planets is within reach of cur-
rent high precision spectrographs. To estimate the num-
4 In general, from exoplanet masses and radii alone we can not
discern between such solutions, as there are degeneracies in the
composition models of small planets (see e.g., Adams et al. 2008;
Zeng et al. 2019).
ber of additional visits needed to measure the masses
for transiting planets with known periods, we used the
methodology of Plavchan et al. (2015). Assuming the
RV semi-amplitudes expected from Forecaster, we es-
timate that we would need 10-20 more HPF visits to
measure the mass of planet b at 99.7% confidence (3σ),
but measuring the mass of planet c is currently infeasible
in <100 visits with HPF. However, as TOI-1266 is a rela-
tively bright early M-dwarf, the RV information content
is better matched for red-optical Doppler spectrographs
such as NEID (Schwab et al. 2016), CARMENES (Quir-
renbach et al. 2018), ESPRESSO (Pepe 2018), KPF
(Gibson et al. 2016), or MAROON-X (Seifahrt et al.
2016). With NEID, assuming a 2.8m/s RV precision in
30minute bins, we estimate to be able to measure the
masses of planets b and c in ∼6 and ∼30 visits at 3σ,
respectively.
6.2. TOI-1266c Resides in the Radius Valley
Close-in exoplanets display a gap or a valley in the ra-
dius distribution around 1.5-2.0 Earth radii (Owen &
Wu 2013; Fulton et al. 2017; Van Eylen et al. 2018;
Cloutier & Menou 2020), which has been interpreted as
the transition radius between rocky and gaseous plan-
ets. A number of theoretical models have arisen to ex-
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Figure 7. Current radius and mass constraints of TOI-
1266b and c from our joint 2-planet fit. The contours show
our 1σ and 2σ posterior contours for planets b and c. The
shaded grey region indicates planets with iron content ex-
ceeding the maximum value predicted from models of colli-
sional stripping (Marcus et al. 2010). The solid lines show
different composition models from Zeng et al. (2019). Earth
and Venus are denoted by blue squares. Further RV obser-
vations are needed to more precisely constrain the masses of
both planets.
plain the emergence of the Radius Valley, which pre-
dict that the location of the rocky-to-gaseous transi-
tion radius, rtransition, depends on the orbital period of
the planet. The photoevaporation model, where the at-
mosphere of small planets can be stripped by high en-
ergy XUV photons leaving behind bare planetary cores
(Lopez et al. 2012; Owen & Wu 2013; Lopez & Fortney
2013; Owen & Wu 2017; Lopez & Rice 2018), predicts
that the transition radius should decrease with orbital
period as rtransition ∝ P−0.15. Second, the core-powered
mass-loss mechanism (Ginzburg et al. 2016, 2018; Gupta
& Schlichting 2019), where the luminosity of the cool-
ing planetary core provides the energy for atmospheric
loss, predicts that the transition radius should also de-
crease with orbital period as rtransition ∝ P−0.13. Third,
in the gas-poor formation scenario, where super-Earths
represent a distinct population of planets forming in
a gas-poor environment after the protoplanetary disk
has dissipated (Lee et al. 2014; Lee & Chiang 2016;
Lopez & Rice 2018), the prediction is instead that the
transition radius should increase with orbital period as
rtransition ∝ P 0.11.
To distinguish between these scenarios, previous stud-
ies have empirically measured the location of the Ra-
dius Valley as a function of orbital period. Martinez
et al. (2019) used data from Kepler and the California
Kepler Survey (CKS) to show that the location of the
Radius Valley decreases as rtransition,M19 ∝ P−0.11±0.03
around Solar-type stars, consistent with mechanisms of
photoevaporation and core-powered mass loss. This is in
good agreement with the dependence of rtransition,VE18 ∝
P−0.09
+0.02
−0.04 measured by Van Eylen et al. (2018) using
a sample of planets orbiting solar-type stars with ac-
curately determined stellar parameters from asteroseis-
mology. Recently, Cloutier & Menou (2020) constrained
the location of the Radius Valley for later type stars
(mid-K to mid-M; Teff < 4700 K) using data from Ke-
pler and K2, obtaining rtransition,CM20 ∝ P 0.058±0.022.
Their measurement has a power-law slope with the op-
posite sign to the power-law slope measured by Martinez
et al. (2019) around Sun-like stars, and is more consis-
tent with models predicting that small planets represent
a population of planets that form late in a gas-poor en-
vironment (Lee et al. 2014; Lee & Chiang 2016; Lopez
& Rice 2018). Cloutier & Menou (2020) interpret this
that either planet formation is governed by a separate
process around M-dwarfs (i.e., gas-poor formation) or
that the efficiency of atmospheric post-processing (such
as photoevaporation) is weakened for planets orbiting
low-mass stars.
In Figure 8, we show planet radius as a function of or-
bital period for small (R < 4R⊕) M-dwarf planets with
mass measurements better than 50%5, which we com-
pare to the Radius Valley locations as measured by Mar-
tinez et al. (2019) around Sun-like stars, and by Cloutier
& Menou (2020) for M-dwarfs. Following, Cloutier &
Menou (2020), in Figure 8, we plot the Radius Valley
location of Martinez et al. (2019) after scaling to the
M-dwarf mass regime. Specifically, we plot the radius
valley location in r-P space, as given by Equations 10
and 11 in Cloutier & Menou (2020), as,
rtransition,M19 = −0.48 log10(P ) + 2.32, (3)
for solar type stars, and,
rtransition,CM20 = 0.11 log10(P ) + 1.52, (4)
for M-dwarf stars.
From Figure 8, with a period of P = 18.8 days and
radius of 1.67R⊕, we see that TOI-1266c lands in the
transition region as predicted by both Cloutier & Menou
(2020) for late K and M-dwarf systems (Equation 4), and
by Martinez et al. (2019) for Sun-like stars (Equation 3).
As such, TOI-1266c could have a rocky composition or
a predominantly non-rocky composition (e.g., a water
rich world or could have retained a few percent H/He
5 We note here that imposing a mass constraint introduces an ob-
servational bias as lower mass planets are less likely to have good
fractional mass precision.
14 Stefansson et al.
atmosphere). The inset in Figure 8 further highlights
the position of TOI-1266c and two other M-dwarf plan-
ets also residing in the transition region: K2-3c and LHS
1140b, which interestingly show different bulk composi-
tions. K2-3c has a radius of 1.72 ± 0.22R⊕ (Crossfield
et al. 2015), and a mass of 2.1± 1.0M⊕ (Kosiarek et al.
2019), and thus has a bulk density of ρ ∼ 3 g/cm3, sug-
gestive of a non-rocky composition. However, LHS 1140
b (Dittmann et al. 2017; Ment et al. 2019) has a ra-
dius of 1.727 ± 0.032R⊕, a mass of 7.0 ± 0.9M⊕, and
bulk density of ρ ∼ 7.5 g/cm3, consistent with a rocky
composition.
From Figure 8, we also note that both LHS 1140b, and
TOI-1235b—a planet recently discovered and character-
ized by Cloutier et al. (2020) and Bluhm et al. (2020)—
both have densities consistent with rocky compositions,
but both reside above the line measured by Cloutier &
Menou (2020), where we would have predicted them to
have a non-rocky composition. This could suggest that
the transition region could lie slightly higher than mea-
sured in Cloutier & Menou (2020). Another explana-
tion would be that the efficiency of different processes
sculpting planetary compositions varies for planets in
the transition region, resulting in a continuum of pos-
sible compositions. This would be compatible with the
trend noted by Fulton & Petigura (2018) and Cloutier &
Menou (2020), that the Radius Valley is not completely
void of planets, and gets increasingly filled with decreas-
ing stellar masses. As mentioned by Cloutier & Menou
(2020), this trend has not been firmly tested yet. A
precise mass constraint of TOI-1266c, along with other
planets residing in the Radius Valley, can directly help
place further constraints on this trend.
6.3. TOI-1266 c: A Potential Super-Venus?
With a radius of R = 1.67R⊕ and an incident stellar
flux 2.4 times that of Earth, if TOI-1266c has a rocky
composition, it could potentially be a ‘Super-Venus’
(Kane et al. 2014). Venus itself receives 1.91 times more
flux and is 95% the size of the Earth. Kane et al. (2014)
define Venus analogs as predominantly rocky planets
residing in the ‘Venus-Zone’, where planets receive in-
solation fluxes between ∼0.95-25 times that of Earth6.
Future studies attempting to identify atmospheric abun-
dances of small rocky planets will face the challenge of
distinguishing between possible Venus and Earth surface
conditions (Kane et al. 2014). There is a need to discover
6 The exact bounding values of the Venus-Zone are dependent on
the effective temperature of the host star, see Figure 3 in Kane
et al. (2014). We have focused here on the bounding values Kane
et al. (2014) report for M-dwarf systems.
Figure 8. Planet radius for small M-dwarf planets (R <
4R⊕) as a function of orbital period. TOI-1266b and c are
shown with the black points. Planets with better than 50%
mass constraints have their bulk density highlighted with the
color gradient. The solid black line shows the location of the
rocky-to-gaseous transition radius rtransition for planet host
stars with Teff < 4700K as measured by Cloutier & Menou
(2020), consistent with the predictions of gas-poor formation.
The dashed line shows rtransition as a function of orbital pe-
riod as measured by Martinez et al. (2019) around solar-type
stars (scaled to the low-mass regime), consistent with the
predictions of photoevaporation or core-powered mass loss
models. TOI-1266c lies in the transition region as predicted
by Cloutier & Menou (2020) and Martinez et al. (2019), and
could thus have either a predominantly rocky or non-rocky
composition. The inset highlights the position of TOI-1266c
and two other M-dwarf planets also residing in the Radius
Valley: K2-3c and LHS 1140b, which are observed to be
gaseous and rocky, respectively. Data obtained from the
NASA Exoplanet Archive on May 20, 2020 (Akeson et al.
2013).
more planets that may have evolved into a post-runaway
greenhouse state so that we can target their atmospheres
for characterization with future facilities such as JWST.
As discussed in Subsection 6.1 and in Figure 7, it is
also possible that TOI-1266c could have retained a H/He
atmosphere, and/or have a higher water fraction than
Earth. If TOI-1266c is determined to be a water-rich
world, it remains to be seen how much of it is retained
due to the high luminosity pre-main-sequence evolu-
tion of its M-dwarf host star (Luger & Barnes 2015),
and any historical stellar activity. We note that TOI-
1266c lies firmly on the side of the “cosmic shoreline”
where the gravitational binding of the atmosphere to
the planet is high compared to the insolation-driven es-
cape (see Figure 1 in Zahnle & Catling 2017), hinting
that TOI-1266c could retain a water atmosphere. In-
terestingly, TOI-1266c also lies very close to or on top
of the “H2O greenhouse runaway” region in Zahnle &
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Catling (2017). Depending upon on the age of the sys-
tem, stellar UV activity and the initial water content
accumulated at the early stages of the system evolu-
tion, and considering the insolation on the planet, TOI-
1266c could host a hot/moist water-vapor atmosphere.
Such an atmosphere has recently been detected around
the mini-Neptune K2-18b (Tsiaras et al. 2019; Benneke
et al. 2019). Detecting further such atmospheres would
provide a valuable data point in capturing systems that
are undergoing moist or runaway greenhouse climates,
and provide clues to atmospheric evolutionary history
similar to that of the evolution of our own terrestrial
planets in the solar system. It would also have implica-
tions on initial volatile compound inventories for models
of planet formation.
We estimated the applicability of performing trans-
mission spectroscopy on both planets using the Trans-
mission Spectroscopy Metric (TSM) as defined in Kemp-
ton et al. (2018). We obtain a fairly large spread of
possible TSMs of 53+51−19 for planet b using our current
mass constraint. Although the median value of 53 is
formally below the TSM>90 prioritization threshold for
mini-Neptune planets with radii larger than 1.5R⊕ rec-
ommended by Kempton et al. (2018), a further precise
mass constraint is needed to discern the exact value of
the TSM. For planet c, the TSM will depend strongly
on if the planet has retained a H/He atmosphere or
if the planet is predominantly rocky with a minimal
atmosphere. In their definition of the TSM, Kemp-
ton et al. (2018) define the transition between pre-
dominantly rocky planets and gaseous mini-Neptunes at
1.5R⊕. If we assume TOI-1266c to be a characteristic
mini-Neptune, we obtain a TSM of 30+19−15; if we assume
it to be rocky, we obtain a TSM of 5+3−2. As such, the fa-
vorability of TOI-1266c for atmospheric characterization
depends strongly if it is determined to be predominantly
rocky or non-rocky.
7. SUMMARY
We have presented the discovery and validation of two
small planets orbiting the nearby M2 dwarf TOI-1266.
The inner planet has a radius of 2.5R⊕ and an orbital
period of 10.9 days. The outer planet has a smaller ra-
dius of R = 1.67R⊕ and period of 18.8 days, residing in
the Radius Valley—the transition region between rocky
and gaseous planets. From the available photometry
and RVs, we see no clear evidence of other planets in
the system.
We validate the planetary nature of the two
planets using high contrast imaging observations
from NESSI/WIYN, along with ground-based transit
photometry—including precision diffuser-assisted pho-
tometry of the outer planet using the Engineered Dif-
fuser on the ARC 3.5m Telescope at Apache Point Ob-
servatory. Using precision near-infrared RVs from the
Habitable-zone Planet Finder, we obtain an upper mass
limit of 15.9M⊕ and 6.4M⊕ at 95% confidence for plan-
ets b and c, respectively. Our current mass constraints
hint that planet c could have a predominantly non-rocky
composition, which could indicate that planet c is either
water-rich and/or could have retained an atmosphere de-
spite its small size, although further precise RV observa-
tions are needed to more precisely constrain its composi-
tion. Given the brightness of the host star, both planets
are amenable for a precise mass constraint with current
and upcoming RV instruments. A precise mass estimate
of planet c will further constrain models explaining the
emergence of the Radius Valley, and the processes that
sculpt the compositions and atmospheres of small plan-
ets receiving insolations similar to Venus.
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APPENDIX
A. HPF RADIAL VELOCITIES
Table 4 lists the RVs from HPF and associated activity indicators derived from the HPF spectra used in this work.
Table 4. HPF RVs used in this work along with the Differential Line Width (dLW), Chromatic Index (CRX), and the line
indices for the three Ca II IRT triplet lines (Ca II IRT 1, 2 and 3), along with associated errors.
BJD RV [m s−1] dLW [m2 s−2] CRX [m s−1 Np−1] Ca II IRT 1 Ca II IRT 2 Ca II IRT 3
2458854.02373 −8.7± 8.1 69.5± 18.9 −205.6± 86.9 0.550± 0.003 0.308± 0.002 0.329± 0.002
2458859.02978 −7.9± 9.2 −7.2± 21.9 290.1± 148.0 0.570± 0.003 0.308± 0.003 0.327± 0.003
2458861.02062 1.5± 10.8 −4.1± 25.4 −178.4± 157.4 0.551± 0.004 0.298± 0.004 0.320± 0.003
2458868.00484 −14.9± 5.9 21.0± 13.8 67.8± 77.1 0.570± 0.003 0.307± 0.002 0.328± 0.002
2458870.04313 1.1± 11.8 52.6± 27.8 211.7± 175.4 0.549± 0.004 0.306± 0.004 0.321± 0.004
2458882.99010 17.6± 12.5 −29.0± 29.3 21.7± 212.2 0.562± 0.004 0.302± 0.004 0.329± 0.004
2458893.92190 −8.4± 7.4 26.1± 17.6 48.1± 77.6 0.553± 0.002 0.307± 0.002 0.336± 0.002
2458894.92423 3.8± 7.4 19.4± 17.6 196.0± 121.2 0.562± 0.002 0.303± 0.002 0.330± 0.002
2458939.79500 12.2± 7.1 30.4± 16.9 −93.4± 93.8 0.557± 0.002 0.303± 0.002 0.327± 0.002
2458940.82880 −14.2± 10.6 18.7± 25.2 −227.9± 66.2 0.557± 0.003 0.303± 0.003 0.339± 0.003
2458941.80403 5.9± 6.3 23.4± 15.1 24.4± 94.6 0.557± 0.002 0.300± 0.002 0.331± 0.002
2458967.72965 −4.2± 7.1 −13.6± 17.0 −217.5± 107.5 0.556± 0.002 0.297± 0.002 0.327± 0.002
2458969.73789 −5.0± 6.9 21.7± 16.7 227.4± 62.2 0.554± 0.002 0.303± 0.002 0.319± 0.002
2458971.73516 9.3± 7.7 46.1± 18.3 −58.6± 118.2 0.557± 0.002 0.298± 0.002 0.317± 0.002
2458974.75218 −5.0± 6.9 36.8± 16.5 45.2± 111.3 0.561± 0.002 0.300± 0.002 0.322± 0.002
2458975.72176 15.0± 7.9 17.5± 18.9 54.5± 113.7 0.557± 0.002 0.296± 0.002 0.326± 0.002
2458976.71658 2.2± 7.4 39.3± 17.8 −40.4± 108.5 0.559± 0.002 0.305± 0.002 0.336± 0.002
2458978.70378 9.0± 6.4 42.5± 15.3 12.6± 89.4 0.558± 0.002 0.300± 0.002 0.337± 0.002
2458979.69504 −5.9± 6.4 −12.0± 15.5 −54.6± 118.5 0.561± 0.002 0.299± 0.002 0.333± 0.002
2459001.64772 −0.4± 6.7 2.6± 16.2 −85.6± 45.3 0.553± 0.002 0.294± 0.002 0.316± 0.002
2459002.67916 −12.0± 7.5 3.6± 18.0 90.5± 106.1 0.549± 0.002 0.292± 0.002 0.312± 0.002
2459003.64601 8.1± 6.7 −5.4± 16.1 65.3± 73.3 0.555± 0.002 0.293± 0.002 0.313± 0.002
